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Design of a self-aligned, wide temperature range (300 mK-300 K) atomic
force microscope/magnetic force microscope with 10 nm magnetic force
microscope resolution
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We describe the design of a wide temperature range (300 mK-300 K) atomic force micro-
scope/magnetic force microscope with a self-aligned fibre-cantilever mechanism. An alignment chip
with alignment groves and a special mechanical design are used to eliminate tedious and time con-
suming fibre-cantilever alignment procedure for the entire temperature range. A low noise, Michel-
son fibre interferometer was integrated into the system for measuring deflection of the cantilever.
The spectral noise density of the system was measured to be ∼12 fm/√Hz at 4.2 K at 3 mW in-
cident optical power. Abrikosov vortices in BSCCO(2212) single crystal sample and a high density
hard disk sample were imaged at 10 nm resolution to demonstrate the performance of the system.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4897147]
I. INTRODUCTION
Invention of atomic force microscopy1 (AFM) has revo-
lutionized the surface science. AFM also enabled the scien-
tists to measure variety of forces between the tip and sam-
ple, like magnetic and electric forces. Measurement of mag-
netic forces using force microscopy has opened a new av-
enue in magnetic imaging.2 Furthermore, magnetic force mi-
croscope (MFM) is a relatively simple and easy to use and
can be operated in a wide range of environments like vac-
uum, high magnetic fields, low temperatures, etc. in contrast
to the other magnetic imaging techniques. Magnetic imaging
at variable temperatures and external high magnetic field has
special importance in material science and physics like vortex
imaging3–7 or manipulation of vortices8, 9 in superconductors,
magnetic phase separation,10, 11 domain walls in ferromag-
netic thin films,12, 13 magnetization reversal,14 and topologi-
cal insulators.15 Applications of the low temperature MFM
on various material systems were discussed extensively in the
literature,16–18 too.
There is relatively limited number of low temperature
AFM & MFM (LT-MFM) described in the literature19–24 at
temperatures at and below 4 K. Since the space is quite lim-
ited to a few centimeters, measuring deflection of the can-
tilever in a cryostat is not simple like in the ambient systems.
A number of different deflection measurement methods are
reported by various groups. Most of the optical methods rely
on the fibre interferometer,19 however due to thermal contrac-
tions the cantilever should be aligned with respect to the fi-
bre. Other methods are self-sensing methods which require no
optical alignment. These utilize piezoresistive cantilevers4, 25
and quartz tuning forks with a magnetic tip glued at the end of
one of the prongs.26 However, the sensitivity of the piezoresis-
a)Author to whom correspondence should be addressed. Electronic mail:
orahmet@metu.edu.tr
tive sensors is limited because of the power dissipation25 and
the spring constant of the quartz tuning is too high, ∼1800
N/m, which limits the magnetic sensitivity and applicability.
Furthermore, only a few designs27, 28 were reported for LT-
MFM below 1 K operations for 3He systems.
In this study, we report an ultra low noise, ∼12 fm/√Hz,
self-aligned Michelson fibre interferometer based LT-
AFM/MFM operating between ∼300 mK to 300 K which
does not require any optical alignment between fibre and can-
tilever, capable of achieving ∼10 nm magnetic resolution. We
have used an alignment chip from NanoSensors29 or Applied
NanoStructures30 to make the system alignment free and very
easy to operate, compared to other microscopes. The can-
tilevers suitable for these alignment chips, which can be pur-
chased off the shelf from these manufacturers, have groves
matching the protrusions on the chip, enabling us to locate
the end of fibre with respect to the cantilever with ±3 μm ac-
curacy in XYZ directions when a new cantilever is mounted.
The mechanical design of the LT-AFM/MFM was carefully
crafted and tuned such that the thermal contractions are can-
celled out and minimized during the temperature cycling, en-
abling us hassle free operation, down to ∼300 mK. There-
fore, all the tedious alignment procedures and unnecessary
positioning mechanisms which would complicate the design
were eliminated for a LT-AFM/MFM system. The microscope




We designed the microscope head with 23.6 mm OD and
200 mm length to fit into a 27 mm free ID sample space of 3He
cryostat (Oxford Instruments, Heliox TL) as well as standard
helium cryostats from various manufacturers. The microscope
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head is detachable using a docking station, comprising low
temperature high density miniature connectors, which makes
it possible to attach the microscope to many different cryo-
stat systems. Microscope head is composed of two concentric
piezotubes: the inner piezo tube is used for scanning and the
outer one is used for the sample positioner. The length of the
scan piezo is 3′′ and has ∼18 μm XY scan range and ∼1.4
μm Z range at 4 K. The scan piezo is composed of quad-
rant electrodes and a dither piezo at the end, which is used to
dither the cantilever for dynamic mode operation. Concentric
design eliminates most of the thermal drift. The optical fibre
is also connected using an FC-APC type angle polished sin-
gle mode fibre connector to minimize the reflection located
somewhere between 300 K-300 mK for ease of removal of
the LT-AFM/MFM.
The length of the sample slider piezo is 1.5′′, which also
has quadrant electrodes and a glass tube mounted at the end.
A sample slider puck is loaded on this glass tube using a leaf
spring and two screws. The stick-slip sample approach mech-
anism is used to move the sample in XYZ directions. Sample
slider piezo can move the sample in z direction ∼10 mm and
in XY directions within Ø3 mm. We have also integrated a
capacitive encoder to measure the XY position with ±3 μm
accuracy, with no heat dissipation. The motion and step sizes
50-800 nm are controlled by our dedicated LT-AFM/MFM
Control Electronics and software from NanoMagnetics In-
struments Ltd.
B. Microscope inserts
Two separate inserts were designed for the microscope
head. One for standard helium cryostat and the second one
were for an Oxford Instruments 3He cryostat, Heliox TL.
The first insert is a simple stick with radiation baffles, fiber
connector holder, and a three connector docking station. The
length of the stick is adjusted with respect to the magnet cen-
ter and the radiation shields are placed along the body. This
design provides us flexibility to use the microscope for any
other cryostats.
The second insert for the 3He cryostat is designed to min-
imize heat load to the microscope as shown in Fig. 1(a). The
insert has two stages: 4 K and 1 K pot. They are made of high
purity copper and are in a physical contact with the variable
temperature insert (VTI) of the cryostat. Constantan ribbon
cable was chosen to minimize the heat load. The ribbon ca-
bles are tightly wound on the copper posts at the both 4 K
and 1 K pots for thermally anchoring the heat load as shown
in Fig. 1(b). The microscope docking station is attached just
beneath 4 K pot. The microscope head attached to the 1 K pot
by using a thin walled stainless steel tubing and G10 Helium
displacer to minimize the heat load into the 3He liquid.
C. Self-aligned holder design
We designed the LT-AFM/MFM head with a self-aligned
cantilever holder mechanism which keeps the XYZ position
of the cantilever with respect to fibre within ± 6 μm accu-
racy, as we change the temperature from 300 K to 300 mK.
An alignment chip (from NanoSensors or Applied Nanostruc-
FIG. 1. AFM/MFM head (a) schematic design of the head, (b) photograph
of the head.
tures) is mounted under the cantilever. There are three protru-
sions on the chip and three matching groves at the back of
the cantilevers. When a new cantilever is placed on this align-
ment chip, ±3 μm repositioning accuracy is obtained. The
cantilever alignment chip is glued on top of a small piezo
stack element and this assembly is aligned with respect to
the cleaved fibre end under the optical microscope before ev-
erything is glued using a low temperature compatible epoxy.
The separation between the back of the cantilever and fibre is
arranged to be ∼30 μm, which is a secure gap distance for
cantilever replacement as shown in Fig. 2. The cantilever is
kept in position by a metal spring. The whole fibre-cantilever
assembly is tilted 11◦ with respect to the sample. This self-
aligned design works very reliably even after many temper-
ature cycles between 300 mK-300 K. Alignment procedures
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FIG. 2. Alignment photograph of the cantilever with respect to the fibre from
side view. Nominal length of the lever is 225 μm.
for the users are eliminated and the usability of the micro-
scopes is greatly improved.
When the microscope was cooled down from 300 K to
300 mK, the thermal contractions in the z-direction could be
easily measured, directly by the fibre interferometer. During
the cool down process, typically 6 period (λ/2, λ = 1310 nm)
shifts were measured in the interference pattern, which corre-
sponds to ∼3.93 μm displacements in z-direction. The shift
is in opposite direction during cooling and warming up pro-
cess. For the XY drift, a simple calculation is shown below to
find the geometric spot size of the laser beam. The core diam-
eter of the fibre is 10 μm with a nominal numerical aperture
(N.A.) value of 0.14 and the nominal width of the cantilevers
is 28 μm. As shown in Fig. 3, the spot size which falls onto
the back of the cantilever is calculated to be 19 μm, for the
initial separation of 30 μm. We calculated the typical XY drift
to be less than 5 μm for the entire temperature range of 300
K to 300 mK.
III. FIBRE INTERFEROMETER
A low noise Michelson type fibre interferometer is de-
signed for measuring the cantilever displacement. This is sim-
FIG. 3. Spot size versus cavity gap graph. Inset shows the spot on the lever.
FIG. 4. Schematic design of the Michelson fibre interferometer and the
cavity which shows reflections of the laser beams.
ilar to Rugar design31 with a couple of tricks to improve the
sensitivity.32 A pigtailed, 1310 nm laser diode is operated at
constant power up to 5 mW and coupled into a 2 × 2, single
mode, 50% fibre splitter, as shown in Fig. 4. One of the fi-
bre splitter outputs is connected to the fibre which goes to the
end of cantilever into the LT-MFM system. The other output
is connected to the pigtailed reference photodiode which is
used for monitoring the laser power. The input of fibre split-
ter is connected to the pigtailed signal photodiode. The end of
fibre is cleaved using fibre cleaver. Typically, 3% of the light
is reflected back from at the end of cleaved fibre. The remain-
ing light exits the fibre and hits the cantilever and then part
of it is reflected back into the fibre. These two light beams
pass through the fibre splitter and reaches to signal photodi-
ode where they interfere. This interference generates a pho-
tocurrent which can be written as,
i = i0
[






where V, d, and λ are visibility, cantilever-fibre separation,
and wavelength of the laser, respectively. The interferome-
ter is at the most sensitive position at the quadrature points,







where d is the displacement of the cantilever. The typical
value of the slope for our interferometer is ∼4 mV/Å. The
quadrature point of the fibre interferometer, where the slope
is maximum, is determined by measuring the interference pat-
tern by moving the cantilever with the stack piezo beneath the
cantilever. The stack piezo is driven between 0-125 V forward
and backward direction, with respect to the fibre. The quadra-
ture point is detected by the software and locked into position
during the operation with a subroutine in the software. Injec-
tion of RF current into the laser diode, which is crucial to
noise reduction, broadens the linewidth and reduces the mode
hopping and interference noise from other reflections.
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IV. EXPERIMENTAL RESULTS
A. Noise measurement
PPP-MFMR cantilevers with 3 N/m nominal stiffness
and ∼70 kHz resonant frequency (from NanoSensors Inc.)
were used during the experiments. The noise is measured with
a Rohde-Schwarz spectrum analyzer and compared with the
calculated spectral noise density of the fibre interferometer, as
shown in Fig. 5. The noise was measured to be ∼25 fm/√Hz
at 300 K and ∼12 fm/√Hz at 4 K. The spectral noise den-



















where fo, f, T, Q, k, and kB are resonance frequency, fre-
quency, temperature, quality factor, spring constant, and
Boltzmann constant, respectively. After the fit the parameters
were found to be fo = 61 590 Hz, Q∼1000 and k = 1.5 N/m.









where e, SPD, P, and RF are electronic charge (1.6 × 10−19
C), responsivity of the photo detector (1A/W), average power
falls onto the photo detector (229 μW), and photocurrent
passes through resistor of the operational amplifier circuit, re-
spectively. The noise level of our fibre interferometer is ob-
served to be very close to the shot noise limit, which is calcu-
lated to be 7.8 fm/
√
Hz. The shot noise of the interferometer
can be decreased further, if the incident power on the photo
detector is increased.
FIG. 5. Measured and calculated spectral noise density at 4.2 K. Inset shows
the measured noise at 300 K. The cantilever (PPP-MFMR) has 61 590 Hz
resonance frequency and 1.5 N/m calculated spring constant.
B. LT-AFM/MFM imaging
A mica sample was imaged to demonstrate the perfor-
mance and to observe the atomic terraces. Prior to the exper-
iment, the mica sample was cleaved using scotch tape and
etched in 48% HF solution (Merck, Germany) for 4 h. The
sample was then washed with deionised water and dried with
dry nitrogen. Atomic terraces of mica were imaged (∼10 Å)
at various temperatures in tapping mode34 AFM as shown in
Fig. 6. In this mode, the cantilever is oscillated by the dither
piezo in its resonance frequency with constant excitation. Os-
cillation amplitude of the cantilever is used for as the feedback
signal. Approximately, half of the free oscillation amplitude
is used for feedback set point, which gives good results for
imaging most of the time.
The microscope was cooled down by pumping the liquid
3He below 1 K. Without switching on the SPM controller, the
system reached 320 mK which confirmed that thermal load
was less than cooling power of the cryostat. Even if, when
the SPM controller was switched on, without switch on the
laser diode of the interferometer, the temperature stayed the
same. This showed that there was no power dissipation at
both piezos and wiring of the head. When the laser diode
was switched on with power of ∼4 mW, the temperature
showed sudden rise. However, the temperature was stable
around at ∼350 mK with 2 mW laser power and we could im-
age CoPt multilayers, as shown in Fig. 7. The image was ac-
quired in lift-mode MFM. In this mode, the topography of the
FIG. 6. (a) Tapping mode AFM image on HF etched mica sample recorded
at 77 K. (b) The cross-section on the image shows atomic steps. Scan size is
3 μm × 1.75 μm with scan speed of 1 μm/s.
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FIG. 7. MFM image shows magnetic domains of the CoPt multilayers at 350
mK. Scan size is 1.6 μm × 1.4 μm with scan speed of 1 μm/s.
sample is recorded during forward scan in tapping mode.
Prior to backward scan on the same line, feedback is frozen
and the cantilever is lifted by ∼20-100 nm and phase shifts
caused by magnetic forces are recorded as an MFM image.
The typical oscillation amplitude was 40 nm and lift height
was 100 nm.
Abrikosov vortices in BSCCO(2212) single crystal were
also imaged at 4.5 K. Prior to the experiment, the sample was
cleaved using scotch tape and the cantilever (PPP-MFMR,
NanoSensors Inc.) was magnetized in the cryostat at 300
K. The sample was field cooled down to 4.5 K under the
magnetic field of +40 Oe that field direction was the same
with tip magnetization direction. BSCCO is type-II supercon-
ductor and the field was trapped in the vortices as seen in
Fig. 8(a). The vortices form perfect hexagonal honeycomb
structures in the sample and each vortex carries single flux
quantum, o, which has a value of o = h/2e = 2.07 × 10−15
FIG. 8. MFM images of Abrikosov vortices in BSCCO single crystal at 4.5 K. (a) The sample was cooled down under +40 Oe external magnetic field. Scan
size is 15 μm × 15 μm with scan speed of 10 μm/s, (b) cross-section on the image (a), (c) the sample was cooled down under −160 Oe external magnetic field.
Scan size is 6.7 μm × 6.7 μm with scan speed of 4 μm/s, and (d) cross-section on the image (c). Tip was magnetized in the positive field direction at 300 K.
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FIG. 9. (a) MFM image of a perpendicular recording medium, Seagate Mo-
mentus 5400.6 hard disk with 398 Gbpsi density, at 77 K and (b) a cross-
section on the image with full width half maximum (FWHM) analysis.
T m2. The vortex spacing between two adjacent cores was
measured ∼765 nm and the phase difference was measured
to be ∼2◦ as seen in Fig. 8(b). The vortex spacing, a, can be






where B is applied external field for cool down. For our case
of +40 Oe applied magnetic field, the vortex spacing cal-
culated to be 773 nm which was compatible with measured
value. When the field is increased, the vortices are getting
closer and the vortex density is increased. For another ex-
periment, the sample was cooled down in an opposite field
of −160 Oe with respect to the tip. The vortex cores appear
as bright spots as shown in Fig. 8(c) and getting closer as
expected. The average vortex spacing was measured to be
∼382 nm as seen in Fig. 8(d) which was also close to calcu-
lated value of 387 nm. The slight discrepancy in vortex spac-
ing could be caused by remnant field in the superconducting
magnet. In Fig. 8(c), another part of the sample was imaged
and it was seen that the vortices were pinned along the atomic
terrace of sample since surface defects behave as pinning cen-
ters. The images were obtained in constant height mode with
65 nm lift height.
The ultimate performance of the microscope was demon-
strated on the high density perpendicular recording media,
Seagate Momentus 5400.6 hard disk with 398 Gbpsi as shown
in Fig. 9(a) at 77 K in Helium exchange gas. Super sharp can-
tilevers were used (SSS-MFMR, NanoSensors Inc.) for MFM
imaging. Typical oscillation amplitudes between 10 to 15 nm
were employed with lift-off amount of 15-30 nm to achieve
this resolution. The cross-section on the bit sequence is shown
in Fig. 9(b) which routinely gives 10 nm MFM resolution.
V. CONCLUSIONS
We designed and successfully tested a self-aligned, wide
temperature range LT-AFM/MFM between 300 mK to 300
K. This self-aligned system eliminates all tedious fibre-
cantilever alignment procedure and mechanisms. We achieve
12 fm/
√
Hz noise level and routinely reach 10 nm MFM res-
olution with off the shelf cantilevers. The noise level and the
resolution of the microscope could be further enhanced us-
ing a fibre Fabry-Perot interferometers35, 36 with ∼1 fm/√Hz
noise level,37 which is subject to ongoing research.
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